Areas of selective neuronal loss (SNL) represent the first morphologic signs of damage in the penumbra region and are considered putative targets for ischemic stroke therapy. We performed a novel assessment of measuring the effects of the anti-inflammatory agent celecoxib by analyzing simultaneously the different neural populations (neurons, astrocytes, and microglia cells) in SNL and non-SNL areas. Rats were subjected to 1 hour of middle cerebral artery occlusion (MCAO) and treated with celecoxib 1 and 24 hours after ischemia. Infarct volume measurements and triple immunostaining of neurons (neuronal nuclear antigen), microglia (ionized calcium-binding adaptor molecule 1), and astroglia were performed after 12 and 48 hours of reperfusion. Motor response was tested by standard behavioral assays at 3, 12, 24, and 48 hours. Confocal analysis revealed that the percentage of SNL areas, microglia densities, and glial activation increased at 48 hours of reperfusion. Celecoxib treatment improved the neurologic deficit, reduced the infarct volume by 50% after 48 hours of reperfusion, and resulted in a reduced percentage of SNL areas and microglia and astroglia reactivity after 48 hours of reperfusion. This study proves, for the first time, that celecoxib presents postischemic neuroprotective effects in a transient MCAO model, prevents or delays the presence of SNL areas, and reduces glial activation.
Introduction
Stroke is a major cause of death and the primary reason for permanent disability in developed countries (Creutzfeldt et al., 2012) ; occlusion of the middle cerebral artery (MCAO) or its branches accounts for approximately 70% of human ischemic strokes (Fluri et al., 2015) . The rodent model of MCAO is widely accepted as a representative of human ischemic stroke and is used extensively to study potential treatments against stroke (Block et al., 2005) . In this model, two different ischemic areas are defined: 1) the ischemic core, with severe loss of blood flow, which involves early cell death and typically affects the striatum; and 2) the surrounding area, penumbra, with mild blood flow loss, which will involve delayed, progressive infarction and typically affects the dorsolateral cortex (Carmichael, 2005; Heit and Wintermark, 2016) .
After stroke, inflammatory reaction is responsible for damage progression and is the main mechanism of cell degeneration in the penumbra (Barone and Feuerstein, 1999; Wang et al., 2007) . Inflammation involves the activation of microglia and astrocytes and infiltration of leukocytes into the brain (Taylor and Sansing, 2013) . Microglia have a dual role after ischemic insult. On the one hand, microglia play a neuroprotective role that involves the production of neurotrophic factors and serve as scavenger cells. On the other hand, microglia cells release cytokines and reactive oxygen species, leading to brain edema and neuronal damage (Shichita et al., 2012) . In physiologic conditions, microglia present small somata with an extensive arborization of dynamic processes (Walker et al., 2014) . After ischemic insult, microglia are rapidly activated, and the branch number and the length of their processes are progressively attenuated until an ameboid morphology is achieved (Yenari et al., 2010; Karperien et al., 2013) , mirroring the severity of ischemic damage (Ito et al., 2001) . Astrocyte reactivity includes hypertrophy of cell soma and processes, as well as upregulation of intermediate filaments. Thus, glial fibrillary acidic protein (GFAP) and astrocyte swelling have been reported to increase after stroke (Wilhelmsson et al., 2006; Barreto et al., 2011) .
Ischemic lesions can be classified as either selective neuronal loss (SNL), partial infarction, or pan-necrosis (Ejaz et al., 2013) . SNL is defined as the death of single neurons with preserved extracellular matrix and tissue bulk, which appear in the penumbra area after transient MCAO (tMCAO) (Heiss and Rosner, 1983; García et al., 1996; Emmrich et al., 2015) . There is a growing interest in SNL as the primary phase of ischemic lesion (Baron et al., 2014) because is possible that it impedes and delays behavioral recovery and, therefore, might represent a new therapeutic target of ischemic stroke (Baron, 2005) .
Many pharmacologic strategies focus on limiting the postischemic inflammatory reaction to control damage progression (Shichita et al., 2012; Galea and Brough, 2013) . Strong evidence supports a prominent role for cyclooxygenase 2 (COX2) in cerebral ischemic injury (Candelario-Jalil and Fiebich, 2008) . Genetic deletion of COX2 reduces ischemic cell death in both focal and global cerebral ischemia models (Nogawa et al., 1997; Araki et al., 2001) , whereas chronic overexpression of COX2 increases ischemic brain damage (Doré et al., 2003) . Additionally, selective pharmacologic inhibition of COX2 with nonsteroidal anti-inflammatory drugs (NSAIDs) improves neurologic outcome after stroke (Nogawa et al., 1997; Candelario-Jalil et al., 2002; Wang et al., 2014) . Classic NSAIDs, such as nonselective COX inhibitors, have a high frequency of gastrointestinal adverse effects (Shientag et al., 2012; Altman et al., 2015) , and pharmaceutical companies have developed preferential selective anti-COX2 drugs, such as the "coxib" family, which are considered safer anti-inflammatory agents (Moore et al., 2005) ; however, some adverse effects associated with increased risk of ischemic stroke have been reported for some of these agents, such as rofecoxib and etoricoxib (Andersohn et al., 2006; Chang et al., 2010; Varas-Lorenzo et al., 2011) .
Celecoxib has 375 times higher selectivity for COX2 compared with COX1 (Vane et al., 1998) and no or very low correlation with the risk of increased stroke (Andersohn et al., 2006) . This drug presents neuroprotective properties when used in intracerebral hemorrhage (ICH) (Sinn et al., 2007; Lee et al., 2013; Chu et al., 2004) and is one of most potent NSAIDs in attenuating cell death in oxygen and glucose deprivation assays performed in brain slices (López-Villodres et al., 2012) .
Here, we describe, for the first time, the neuroprotective effect of postischemic celecoxib treatment in a rat tMCAO model. We analyzed the progression of SNL areas and its histologic correlation with inflammation, characterizing the glial response (astroglia and microglia) in SNL and non-SNL areas.
Materials and Methods
Animals. We used 109 male Sprague-Dawley rats, aged 8 weeks (weight, 330-360 g) . Only rats that showed a clear decrease in cerebral blood flow of MCA when the filament was introduced and returned to normal flow when the filament was removed were included in the study. Using these criteria, five animals were excluded from the assay. Six other rats died from the surgery, and two rats were excluded since they did not show ischemic damage. Therefore, only 96 met the conditions for the analysis. Animals were caged in pairs and housed at 22 6 1°C and under a 12:12 hour light/dark cycle, with food (Panlab, Barcelona, Spain) and water ad libitum. All experimental procedures were approved by the scientific committee of the University of León and performed in accordance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines and the Guidelines of the European Union Council (2010/63/EU) according to Spanish regulation (RD53/2013) for the use of laboratory animals. All efforts were made to minimize animal suffering and reduce the number of animals used.
The animals were randomly chosen for surgery; the person who performed the surgery was not the same person who assigned the treatment. For the dose-response assays of neuroprotection, we checked saline (as vehicle) and administered celecoxib, 20, 50, 100, 200, and 400 mg/kg. Each condition was assayed in 10 animals (60 animals total). In these animals, the protective effect was tested by 2,3,5-triphenyltetrazolium chloride (TTC) 48 hours after ischemia/reperfusion (I/R). In addition, in these animals, the neurologic score was measured at 0, 3, 12, 24, and 48 hours after I/R. An additional group and its respective control group were used to test the determined optimal celecoxib dose (100 mg/kg) at 12 hours of I/R (20 animals total).
Four additional groups comprising four animals each were used for the immunocytochemical assays. Animals of one group were administered a single celecoxib dose (100 mg/kg) 1 hour after ischemia, and animals in its corresponding control group were administered saline only. Both groups were euthanized and fixed by perfusion at 12 hours of I/R. Animals of the third group were administered two doses of 100 mg/kg celecoxib 1 and 24 hours after ischemia, and the fourth group (control) was administered saline only. The third and fourth groups were euthanized and fixed by perfusion 48 hours after I/R. Focal Cerebral Ischemia. MCAO was induced as previously described (Ugidos et al., 2017) . Briefly, anesthesia induction was performed in an anesthesia box using 3.5%-4% isoflurane in O 2enriched air with a flow of 2 liters/min. Then, animals were maintained anesthetized using 2% isoflurane in O 2 -enriched air with a flow of 2 liters/min through a facemask adapted to rats. Animals were maintained on a heating pad, and the temperature was monitored with a rectal probe and maintained at 37 6 0.5°C. A Doppler probe (PeriFlux System 5000, Perimed AB, Stockholm, Sweden) was stuck on the temporal bone area located over the MCA to monitor the blood flow in this artery. After exposing the carotid bifurcation, a coated monofilament (cat. no. 403956PK5Re; Doccol Corporation, Sharon, MA) was inserted into the right common carotid artery and led through the right internal carotid artery until it blocked the origin of the MCA, which was tested with the Doppler probe. The filament was fixed with a suture in the common carotid artery; incisions were temporally closed with surgical staples, and animals recovered. One hour later, the animals were newly anesthetized under the same conditions, the monofilament was withdrawn, and the incisions were sutured. Reperfusion of blood was also monitored by the Doppler probe.
Celecoxib Treatment. Dose-response assays of celecoxib (Pfizer, New York) were made testing by the effect of 20, 50, 100, 200, and 400 mg/kg. Celecoxib was dissolved in saline and administered intraperitoneally 1 hour after ischemia, and vehicle animals were injected with saline solution. Optimal efficacy for neuroprotection was established using a 100 mg/kg-dose of celecoxib that was also used for the immunocytochemical study.
Neurologic Score. Vehicle and 20, 50, 100, 200, and 400 mg/kg celecoxib-treated animals were tested on each behavioral test at 0 (before MCAO-induced), 3, 12, 24, and 48 hours after I/R. Animal behavior was recorded and subsequently analyzed by two blinded observers. Neurologic deficits were scored using the scale previously described by Senda et al. (2011) , which is summarized in Table 1 . The sum of each behavioral test gave the total neurologic score, which was a maximum of 12 points, and 0 in noninjured rats. The final neurologic score was the average of the total score obtained by the two observers.
TTC Staining and Measurement of Infarct Volume. Animals used for the TTC technique were decapitated, and their brains were quickly removed and placed in a cold brain matrix for rats (ASI Instruments, Houston, TX) to obtain 2-mm-thick coronal brain sections. Infarct volume was assessed using the TTC method (Bederson et al., 1986) , one of the most common histochemical stains used to assess cerebral injury. TTC is reduced in mitochondria, and viable tissue is stained red, whereas tissue with mitochondrial dysfunction remains colorless and represents the infarct region (Bederson et al., 1986) . Briefly, sections were incubated in 1% TTC in 50 mM phosphate-buffered saline (PBS), pH 7.4, for 30 minutes at 37°C in darkness. Then, sections were fixed overnight in 4% paraformaldehyde (PFA) in 50 mM PBS, pH 7.4, at 4°C and digitized at 600 dpi resolution with a scanner (Canoscan LIDE 200; Canon Inc., Tokyo, Japan). Infarct volume was measured using ImageJ software (NIH) and calculated from the six sections that encompass the damaged area. Infarct volume is estimated as the percentage of total brain volume and adjusted for edema according to methods previously described by Reglodi et al. (2003) . Briefly, edema index was calculated as the ratio/total volume of the ipsilateral hemisphere/total volume of the contralateral hemisphere. Thus, the percentage of infarct volume 5 100 Â (nonstained volume (mm 3 )/edema index)/total volume (mm 3 ).
Fixation and Processing of Tissue. For immunofluorescence assays, the rats were euthanized with an intraperitoneal injection of 200 mg/kg sodium pentobarbital. Animals were then transcardially perfused with 0.9% NaCl, followed by 4% PFA in PBS. Brains were removed, postfixed overnight in the 4% PFA in PBS, and then cryoprotected in 30% sucrose in PBS at 4°C until they sank. To make sectioning easier, the brains were embedded overnight in a 1:1 solution of Tissue Teck (Sakura Finetek, Torrance, CA) and 30% sucrose in PBS and cut into 40-mm-thick coronal slices with a freezing microtome (Microm HM450; Micron Technology, Inc., Boise, ID).
Immunofluorescence. Sections were incubated in 0.05% Tween-20 in 10 mM sodium citrate buffer, pH 6.0, at 80°C for 30 minutes for epitope retrieval. Next, successive blocking of endogenous biotin with an avidin-biotin kit (SP-2001; Vector Laboratories, Inc., Burlingame, CA) and immunoglobulins with 1% bovine serum albumin (BSA) in 0.2% Triton X-100 was done in PBS at room temperature. Double staining for microglia and astroglia was done by incubating the sections overnight at 4°C in 1% BSA, 0.2% Triton X-100 in PBS with goat anti-IBA-1 (ionized calcium-binding adaptor molecule 1) polyclonal antibody (Ab) (1:2000) (ab5076; Abcam, Cambridge, MA) and rabbit anti-GFAP polyclonal antibody (1:500) (Z0334; Dako, Carpinteria, CA). A biotinylated anti-goat antibody (1:500) (BA-9500; Vector Laboratories) was used to recognize anti-IBA-1 Ab and, in turn, was labeled with extravidin conjugated with alexa-647 (1:500) (S-2174; ThermoFisher Scientific). A goat anti-rabbit IgG conjugated with Alexa-488 (1:500) (A-11008; ThermoFisher Scientific, Waltham, MA) was used to recognize the anti-GFAP Ab. Afterward, sections were incubated overnight at 4°C in 1% BSA, 0.2% Triton X-100 in PBS with mouse anti-NeuN monoclonal Ab (1:500) (MAB377, Millipore, Burlington, MA). This Ab was recognized with a goat anti-mouse IgG conjugated with Alexa-568 (1:500) (A-11004; Molecular Probes, Eugene, OR). Nuclei were counterstained with 4,6-diamidino-2phenylindole (DAPI) and sections mounted using Fluoromount G Mounting Medium (Life Technologies, Carlsbad, CA).
Image Acquisition. Animals perfused with 4% PFA were used for image analysis. For each animal, seven equidistant (960 mm) coronal brain sections from bregma 2.20 mm to bregma 23.80 mm were used. Images, including IBA-1, GFAP, NeuN, and DAPI, stainings were obtained using a Zeiss LSM 800 confocal microscope and Zen Blue software. An image of each whole section with a resolution of 1.25 mm/pixel was obtained from tile scan images captured using the Tile Scan Module included in Zen Blue software and a Plan-Apochromat 10Â/0.45 M27 objective (Carl Zeiss GmbH, Oberkochen, Germany). These images were used to measure SNL areas and the whole cortical area. Cell countings, as well as morphometric and densitometric analysis of glial populations, were performed using a modification of the optical dissector method (Gundersen et al., 1988) . In brief, square optical dissectors of 0.255 mm 2 , separated 0.64 mm from each other, with a lateral resolution of 0.156 mm/pixel, were programmed to be automatically obtained with a Plan-Apochromat 40Â/1.3Oil DIC (UV) VIS-IR M27 (Carl Zeiss GmbH) along the frontoparietal cortex somatosensory area (FrPaSS) and piriform cortex (Pir) ( Fig. 1A) . Each dissector comprised seven levels in z-axis separated by 3 mm (21 mm in total). Laser power, detector gain, pinhole, and pixel dwell were kept constant for all the images to prevent bias in image quantification. Finally, obtained images were encoded with numbers to perform a blinded quantification.
SNL Area Quantification. SNL area quantification was carried out with Image J software on the whole-cortex section images. The best approach to identify SNL is to use specific neuronal antibodies, such as NeuN (neuronal nuclear antigen), which stains only mature neurons; these SNLs are clearly visible as areas with weak staining and can be analyzed by counting the remaining neurons. SNL areas TABLE 1 Scale for neurologic score of middle cerebral artery occlusion-induced rats A. Postural reflex 0: When suspended by the tail, the animal extends both forelimbs toward the floor 1: Failure to extend the right forepaw fully, with or without wrist flexion 2: The animal flexes the right forepaw, and the shoulder touches the thorax 3: The animal rotates the body to the side of the affected forepaw, with a head-to-tail tendency B. Circling motion 0: Normal, straight-line locomotion 1: Open circling to the right side, alternating with locomotion in a straight line 2: Open but persistent circling to the right 3: Closed and persistent circling (the animal turns consistently around its vertical axis, with the hindlimbs staying at the same place) C. Falling to the contralateral side 0: Absence of falling 1: Mild, apparent fall. The mandible does not touch the floor 2: Expressive fall (the right shoulder and mandible touch the floor) D. Placement of the right forelimb during locomotion 0: Normal (the rat can use the forelimb well, step-by-step) 1: Placement of the right forelimb is somewhat hesitant, as if the rat is walking with a "limp" 2: If the rat moves (circling), then the right forelimb is dragged and stays under the thorax E. General state of alertness or consciousness 0: The rat walks spontaneously and responds promptly to different stimuli (e.g., touch, sound, etc.) 1: If undisturbed, then the animal stays quiet but responds or moves when stimulated 2: The animal does not move at all, even when touched. It stays prostrated, apparently stuporous, and does not react when touched
were outlined and measured. The total area corresponding to SNLs was divided by the area of the whole cortex of the injured hemisphere. Results were expressed as follows: percentage of SNL area 5 100 Â (SSNL areas of the seven sections/Scortical area of injured hemisphere of the seven sections).
Microglia Activation Analysis. The number of IBA-11 cells in each dissector was counted, and the average of the dissectors of each region was expressed as the number of microglia cells/mm 3 . The branch number and the length of the cell processes have been used to quantify the degree of microglia activation. The summed process Seven equidistant coronal sections between bregma 2.20 mm and bregma 23.80 mm cover 960 mm were analyzed. Images from the whole section obtained from tiled scan images were used to define a grid of optical dissectors in FrPaSS and Pir regions from both the contralateral and injured hemisphere. A confocal microscope was programmed to acquire equidistant optical dissectors (gray squares) comprising seven images separated by 3 mm along the z-axis, thus discarding about 9 mm from the top and bottom of the 40-mm-thick section. Dissectors were used for astroglia and microglia analysis, as well as for neuron counting. (B) Workflow used to measure microglia process branches and length. IBA-1 z-stack images were skeletonized by converting microglia processes in interconnected one-pixel-thick lines in the three dimensions. Skeleton analysis separates voxels (pixel 3) forming the lines in three types: slab voxels (orange) that connect two neighbor voxels, branching voxels (pink) that connect three or more neighbor voxels, (i.e., forming a ramification), and endpoint voxels that connect only one neighbor voxel, thus indicating the end of a process. (C) Workflow used to estimate astrocyte volume and GFAP amount. GFAP z-stack images were binarized to create a mask that was used to measure both the mean gray value of the GFAP image converted to grayscale and its area. This allows us to obtain TFI for each level (TFI). The TFI values for each of the seven images of the z-stack were summed and divided by the number of astrocyte nuclei to express the final results as TFIs/cell.
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length and the number of process endpoints in each dissector were measured according to the method developed by Morrison and Filosa (2013) , with minor modifications (Anuncibay-Soto et al., 2018) . In brief, each z-stack image level, corresponding to IBA-1 staining, was binarized and then skeletonized using ImageJ. Skeleton analysis was carried out with Analyze Skeleton 2D/3D plugin in ImageJ (Arganda-Carreras et al., 2010) . Results were normalized to the number of microglia nuclei per dissector, thus obtaining the averages of the number of process endpoints/cell and the summed process length/cell (Fig. 1B) .
Astroglial Activation Analysis. In situations of severe astrogliosis, astrocytes proliferate and interlace their processes and loss of their individual domains (Sofroniew and Vinters, 2010) . To quantify the degree of astroglial activation, we applied an image analysis method to measure both the volume of astrocytes and their GFAP protein levels (Anuncibay-Soto et al., 2018) . The seven levels of each dissector corresponding to GFAP staining were converted to eight-bit grayscale images. These images were also binarized. Binary images were used to create a mask outlining each astrocyte soma and its processes, which was used to measure the whole area of the astrocyte. The mask of each level was used to select the corresponding gray image in each level and measure the mean gray value. The product of the mean gray value and the mask area is known as total fluorescence intensity (TFI). Thus, the sum of the seven TFIs of each dissector (one by level) was divided by the number of astroglial nuclei of the corresponding dissector and expressed as TFI/cell (Fig. 1C) .
Statistical Analysis. Statistical analysis was performed using GraphPad Prism 6.0 Software (GraphPad Software, San Diego, CA). Normality test was assessed by the Shapiro-Wilk test. Kruskal-Wallis, followed by Dunn's test, was performed to analyze neurologic score. One-way ANOVA, followed by Tukey's test, was performed to analyze the infarct volume in the dose-response assay. Two-way ANOVA followed by Tukey's test was used in the rest of the assays. The level of significance was set at P , 0.05. Our approach was to remove the outlier points by eliminating any points that were above (mean 1 2*S.D.) and any points below (mean 2 2*S.D.).
Results
Celecoxib Reduces Neurologic Deficit after tMCAO. The SUM Summatory score of neurologic deficit increases along the time in vehicle animals. Different celecoxib doses, ranging from 20 to 400 mg/kg were assayed, and the 100-mg/ kg showed better reduction of neurologic deficit ( Fig. 2A) . This celecoxib dose can reduce the neurologic score to about three points at 12 hours after I/R and maintains this score until 48 hours after I/R ( Fig. 2A) .
Post-ischemic Celecoxib Treatment Reduces Infarct Volume after tMCAO. Caudate putamen appeared as the main infarcted area 12 hours after I/R, which represents about the 8% of the total brain volume. The infarcted area at Fig. 2 . Neurologic deficit and infarct volume measurement. (A) Celecoxib dose-dependent SUM score for neurologic deficit at 3, 12, 24, and 48 hours of reperfusion (Kruskal-Wallis followed by Dunn's test, n = 10). (B) Celecoxib dose-dependent infarct volume values (mean 6 S.E.M.); 48 hours after ischemia (one-way ANOVA, followed by Tukey's test, n = 10). (C-F) Representative 2-mm-thick coronal brain slices, stained with TTC of (C and D) vehicle animals and (E and F) animals treated with 100 mg/kg celecoxib after 12 hours of I/R and 48 hours of I/R, respectively. (G) Percentage of infarct volume (mean 6 S.E.M.) in vehicle (white columns) and celecoxib-treated (black columns) animals (two-way ANOVA, followed by Tukey's test, n = 10). # Significant differences from celecoxib treatment. ¥ Time-dependent significant differences. One symbol, P , 0.05; two symbols, P , 0.01; three symbols, P , 0.001. 48 hours after I/R included caudate putamen, FrPaSS, and Pir and represented about the 25% of total brain volume ( Fig. 2, C , D, and G).
Of the different celecoxib doses assayed, 100 mg/kg was identified as having the maximum neuroprotective effect (Fig.  2B) . Treatment with this celecoxib dose did not significantly modify the infarct volume 12 hours after I/R (Fig. 2, E and G) ; however, 48 hours after I/R, animals tha received 100 mg/kg of celecoxib showed an infarcted volume of about 11% of brain volume. This effect represented a reduction of 50% in the ischemic damage (Fig. 2, F and G) .
SNL Area Increase with Time Is Prevented by Celecoxib. Significant neuronal density decreases in FrPaSS, but not in Pir, were observed in the injured (I) hemisphere 12 hours after I/R compared with their respective regions of contralateral (C) hemisphere; however, at 48 hours of reperfusion, the neuronal density of both I FrPaSS and Pir were significantly lower than their contralateral regions. The treatment with celecoxib resulted in a significant reduction of neuronal demise in these regions (Fig. 3, A and B) .
SNLs were found from 12 hours of I/R in both I FrPaSS and Pir (Fig. 3C) . At 12 hours of I/R, the area occupied by SNL represented about 4% of the whole cerebral cortical area (Cx) of the I hemisphere. At 48 hours after I/R, this area increased significantly, reaching about 8% of the Cx of the I hemisphere. Treatment with celecoxib did not modify the SNL area percentage at 12 hours after I/R but prevented the increase observed in the SNL area percentage 48 hours after I/R in vehicle animals (Fig. 3, C and D) .
The neuronal density of both SNL and non-SNL areas of I hemisphere were also quantified independently (Fig. 3, E and F). Neuronal density in the FrPaSS and Pir SNL areas was significantly lower compared with either the non-SNL areas or its corresponding contralateral region at both 12 and 48 hours after I/R. Non-SNL areas presented significant neuronal demise in FrPaSS, but not in Pir, compared with their respective contralateral regions at 12 and 48 hours after I/R. SNL and non-SNL areas did not reveal time-dependent differences. After 12 hours of reperfusion, we observed a significant attenuation of neuronal demise after treatment with celecoxib in FrPaSS SNL and non-SNL areas, as well as in Pir SNL areas; however, after 48 hours of reperfusion, a celecoxib effect on neuronal demise was only observed in Pir non-SNL areas.
Celecoxib Modulates tMCAO-Induced Microglia Activation. At 12 hours of reperfusion, we could not detect significant differences in IBA-11 cell density resulting from ischemia in FrPaSS (Fig. 4A) or Pir (Fig. 4D) ; however, the ischemic insult resulted in significant decreases in length and number of microglia branches in both regions (Fig. 4, B , C, E, and F). At this time, these parameters were not modified by treatment with celecoxib.
After 48 hours of reperfusion, a significant increase in IBA-11 cell density, as well as a significant decrease in the length and number of microglia branches, were observed in vehicle I FrPaSS (Fig. 4 , A-C) and Pir (Fig. 4 , D-F) compared with their respective C regions; however, numerous changes were observed in FrPaSS but not in Pir. Thus, treatment with celecoxib significantly reduced the IBA-11 cell density in FrPaSS, although this remained significantly higher than in C region (Fig. 4A) . Also, in I FrPaSS, treatment with celecoxib significantly increased the number of branches (Fig. 4C) and showed a trend to increase the branch length (Fig. 4B) with respect to that observed in vehicle animals. In addition, in I FrPaSS, the number of microglia branches decreased at 48 hours of reperfusion compared with that observed after 12 hours of reperfusion (Fig. 4C) .
IBA-11 cell density, as well as length and number of branches of SNL and non-SNL areas of injured FrPaSS (Fig.  5) and Pir (Fig. 6) , were also analyzed. After 12 hours of reperfusion, IBA-11 cell densities and branching parameters were similar in FrPaSS SNL and non-SNL areas in both celecoxib treated and vehicle animals (Fig. 5) . After 48 hours of reperfusion, however, some significant differences between SNL and non-SNL areas were observed. Thus, IBA-11 cell density increased significantly in SNL compared with non-SNL areas, and both areas showed higher density than C FrPaSS (Fig. 5, A and D) . In addition, in SNL areas, the branch number significantly decreased in 48I/R compared with 12I/R (Fig. 5, C and D) . Celecoxib treatment decreased the IBA11 cell density in only 48I/R SNL areas consistently (Fig. 5, A and D) and branch number increases in both SNL and non-SNL areas at this time (Fig. 5, C and D) . IBA-1positive cell densities or branching parameters were similar in Pir SNL and non-SNL areas, in both celecoxib treated and vehicle animals at both 12 and 48 hours after reperfusion (Fig. 6) .
Celecoxib Modifies tMCAO-Induced Astroglial Reactivity but Not Density. Similar astroglia cell density values were observed in I FrPaSS (Fig. 7A) and Pir (Fig. 7C ) compared with their respective C regions in all the conditions analyzed (12I/ R, 48I/R, vehicle and treated animals). TFI values showed a trend to be higher in both 12I/R I FrPaSS and Pir than in their respective C regions. These increases were significantly higher after 48 hours of reperfusion in both regions (Fig. 7, B and D). Treatment with celecoxib reduced the TFI I values after 48 hours of reperfusion in Pir, but these remained higher than for C Pir (Fig. 7D) .
Astrocyte density and TFI were also measured independently in SNL and non-SNL areas of FrPaSS (Fig. 8) and Pir (Fig. 9 ). No significant changes in astrocyte density were observed in any of the conditions studied, either in FrPaSS (Fig. 8 , A and C) or in Pir (Fig. 9, A and C) . TFI values in 12I/R FrPaSS SNL areas of vehicle animals showed significant increases compared with its respective C region (Fig. 8, B and C); however, after 48 hours of reperfusion, both SNL and non-SNL areas of FrPaSS (Fig. 8, B and C) and Pir (Fig. 9, B and C) showed significantly higher TFI values compared with respective C region. Treatment with celecoxib was able to reduce TFI values only in Pir non-SNL areas after 48 hours of reperfusion (Fig. 9, B and C) .
Discussion
The controversial effects of COX2 inhibitors has been extensively reviewed previously (Candelario-Jalil and Fiebich, 2008) . Why these agents can result in different effects is not known, and more data are required to understand the mechanisms involved. Recent assays show that postischemic treatment with other NSAIDs in MCAO models reduce infarct volume (Bhattacharya et al., 2013; Ugidos et al., 2017) or apoptosis (Ye et al., 2013) . This study demonstrates for the first time that postischemic celecoxib treatment has a neuroprotective effect in a rat tMCAO model. Our data are consistent with a previous study indicating that celecoxib administration before injury has a neuroprotective effect in a mouse permanent MCAO model (Ji and Tsirka, 2012) . Interestingly, postischemic celecoxib treatment in ICH models has been described as having anti-inflammatory, analgesic, antihematoma, and antiedema effects (Sinn et al., 2007; Lee et al., 2013; Chu et al., 2014) . To our knowledge, however, there are no reports on the postischemic treatments in tMCAO. In principle, the basis of the neuroprotective effect of celecoxib could be supposed to rely on its anti-inflammatory effect; however, some of its properties make this hypothesis unappealing. In this regard, celecoxib induces different effects depending on the primary signal (Kaloustian et al., 2007) . Thus, celecoxib behaves as an antitumoral agent in different cell lines exhibiting proapoptotic effects (Leahy et al., 2002; Schönthal, 2007; Pyrko et al., 2008) , which has led to a wide Values of vehicle-and celecoxib-treated animals are shown in white and black columns, respectively. *Significant differences with respect to the contralateral region; ¥ Timedependent significant differences. One symbol represents P , 0.05; two symbols, P , 0.01; and three symbols, P , 0.001. Two-way ANOVA followed by Tukey's test, n = 4. search for effects other than its anti-COX2 activity. These studies show a potent proapoptotic, dose-dependent effect, apparently not related to its anti-COX2 effect, in different carcinoma cell lines using concentrations ranging from 10 to 100 mM (Schönthal, 2007) . In contrast, celecoxib has been reported as an antiapoptotic drug in some in vivo studies, such as in myocardial infarction (Kaloustian et al., 2007) , and in ICH assays (Chu et al., 2004; Sinn et al., 2007) using doses (20 mg/kg) that can be compared with those used in culture cells. Based on these results, we decided to explore the neuroprotective effect of celecoxib in a tMCAO model, testing a range of concentrations (20-400 mg/kg) that would allow us to establish its dose-dependent mortality effect. The maximal neuroprotective effect was observed at 100 mg/kg, which did not elicit toxic effects and ameliorates the neurologic deficit. Thus, this concentration was used in our subsequent experiments.
Assays with different drugs have been described as unable to reduce the initial striatal ischemic core infarction in MCAO models (Carmichael, 2005) . Accordingly, our TTC assays showed that celecoxib was unable to prevent the rapid necrosis in the striatum; indeed, the damage in this region was similar that seen 12 and 48 hours after injury in treated and vehicle animals. Thus, this area could be considered an infarcted area according to the criteria for ischemic lesions described elsewhere (Ejaz et al., 2013) .
In contrast, in the cerebral cortex, the celecoxib postischemic treatment reduced the ischemic damage (infarct volume) based on the standard TTC assays at 48 hours. It should be noted that the red-stained tissue includes both healthy tissue and ischemic penumbra that are undistinguishable with this technique. TTC has been reported to overestimate the infarct size and may not represent irreversible cell death (Türeyen et al., 2004; Benedek et al., 2006) . At a microscopic level, however, the presence of SNL areas at 12 hours of I/R can be observed when TTC still does not reveal damage in the cerebral cortex, indicating areas where neurons seem to be more vulnerable to ischemia. Therefore, these neurons are likely to have been damaged since the first stages of reperfusion. Considering the different types of damage described in the literature (Ejaz et al., 2013) , we can report the existence of SNL and non-SNL areas in the cerebral cortex. Consistent with our TTC data, celecoxib treatment prevented, or at least delayed, the progression of non-SNL to SNL areas; however, long-term studies are required to determine whether the neuroprotective effect observed has a limited effect or if it maintains neuroprotection. We did not find a clear correlation between neuronal demise and number or morphology of IBA-1-positive cells (as discussed to follow); therefore, we cannot establish in what measure the neuroprotective effect of celecoxib depends on its antiapoptosis or its antiinflammatory (anti-COX-2) effect.
Why a specific area becomes an SNL area has been related to the degree of hypoperfusion during occlusion or regional susceptibility to ischemia from differences in basal neuronal activity and/or microvasculature (Hughes et al., 2010) ; however, neuronal vulnerability can rely on other causes, such as glutamate excitotoxicity, protein synthesis inhibition, or susceptibility to caspase activation (Nakano et al., 1990; Hossmann, 1993) . It has been questioned whether SNL areas shown in white and black columns respectively. *Significant differences compared with the contralateral region. # Significant differences resulting from celecoxib treatment. ¥ Time-dependent significant differences. One symbol represents P , 0.05; two symbols, P , 0.01; and three symbols, P , 0.001. Two-way ANOVA followed by Tukey's test, n = 4. are determined during ischemia (and that the neuronal death would induce an increase of microglia) or the reperfusion triggered processes (such as oxygen radicals or inflammation, followed by microglia increase, which would result in neuronal death) (Baron et al., 2014) . We cannot say whether the increased percentage in SNL areas mirrors an increase in new lesions along the time or the extension of previously damaged areas. What seems clear is that the presence of SNL areas distributed irregularly in the penumbra area contrast with the usually accepted idea of a core region progressing radially, which seems to support the idea of the increase in new lesions.
It must be considered that, despite the term, non-SNL areas also present some degree of neuronal demise. Thus, the significant neuronal demise in FrPaSS non-SNL areas in vehicle animals is supported by the neuroprotective treatment with celecoxib. In contrast, the lack of significant neuronal demise in Pir non-SNL areas makes it difficult to ensure neuronal demise in these areas. Our finding that celecoxib treatment increases the neuronal density of these areas also supports the idea of neuronal demise in the Pir non-SNL areas.
Is there reliability between the different techniques used to evaluate the evolving phases of infarction and the effect of neuroprotective drugs? Celecoxib-dependent neuroprotection observed with TTC after 48 hours of reperfusion fits with the data on neuronal density, when FrPaSS and Pir were analyzed as a whole without distinguishing between non-SNL and SNL areas; however, the analysis distinguishing between non-SNL and SNL areas may be biased because the celecoxib-dependent protection of neuronal loss can be underestimated. Thus, analysis by area supports the idea that celecoxib provides some degree of neuroprotection at 12 hours in SNL areas but not at 48 hours; however, at 48 hours, treatment with celecoxib decreases the ratio SNL/non-SNL (i.e., decreases the percentage of SNL area over time) (Fig. 3D ). This seems to mask its neuroprotective effect when neuronal density is measured only in SNLs when celecoxib actually prevents the occurrence of SNL areas but cannot avoid the damage in the existent SNL areas. In summary, celecoxib neuroprotection can prevent neuronal mortality in non-SNL areas and delay its progress from non-SNL to SNL areas, thus explaining the neuroprotection observed at 48 hours. Pir and FrPaSS seem to show some differences in their response to ischemia, which could be a consequence of being phylogenetic and structurally different cortical areas (Hagan et al., 2012) . In this regard, data on celecoxib treatment suggest the idea that non-SNL areas progress toward SNL more slowly in the Pir than in the FrPaSS (Fig.  3) , which in turn suggests a higher neuronal vulnerability to the ischemia in the neocortex (FrPaSS) than in paleocortex (Pir).
Morphometrical analysis reveals very high level of microglial activation after 12 hours of reperfusion, without differences between SNL and non-SNL areas; however, the number of branches can still be reduced 48 hours after reperfusion, which supports the idea that further activation remains possible. These parameters did not reveal differences between Values of vehicle-and celecoxib-treated animals are shown in white and black columns, respectively. *Significant differences compared with the contralateral region. # Significant differences resulting from celecoxib treatment. One symbol represents P , 0.05; two symbols, P , 0.01; and three symbols, P , 0.001. Two-way ANOVA followed by Tukey's test, n = 4. Pir and FrPaSS; however, the differences detected in the microglia density between FrPaSS and Pir SNL areas after 48 hours of reperfusion suggest local brain properties, probably related to blood-brain barrier permeability, in agreement with other reports of global ischemia (Anuncibay-Soto et al., 2016) . In this regard, since IBA-1 labels both microglia and infiltrated monocytes (Taylor and Sansing, 2013) , we hypothesized that the permeability of FrPaSS to blood cells is greater than in Pir, which could explain the delay in SNL progress between Pir and FrPaSS as discussed already. Furthermore, celecoxib treatment reduces the density and activation of microglia in FrPaSS, and its effect is not clear in Pir, supporting the idea of different responses to celecoxib in these regions. Time-dependent differences, as well as different response to celecoxib, in the astroglial activation between FrPaSS and Pir provide further support to the idea of structural differences in response to ischemia.
In summary, we have shown that postischemic celecoxib treatment provides a neuroprotective effect in a tMCAO model (it reduces infarct volume and neurologic deficit) that seems to prevent or delay the occurrence of selective neuronal loss and reduces glial activation. Our findings support the notion of greater vulnerability to ischemia in FrPaSS than in Pir. The different effects of celecoxib on neuronal densities, microglia, and astroglial activation in these regions also support this hypothesis.
